This work explores the impact of in-plane bi-axial (epitaxial) strain on the cation distribution and electric polarization of the Aurivillius-phase compound Bi5FeTi3O15 using first-principles electronic structure calculations. Our calculations indicate that the site preference of the Fe 3+ cation can be controlled via epitaxial strain. Tensile strain enhances the preference for the inner sites within the perovskite-like layers of the Aurivillius-phase structure, whereas compressive strain favors occupation of the outer sites, i.e., the sites close to the Bi2O2 layer. Controlling the distribution of the magnetic cations offers the possibility to control magnetic order in this magnetically dilute system. Furthermore, the magnitude of the electric polarization is strongly strain-dependent, increasing under tensile strain and decreasing under compressive strain. We find strongly anomalous Born effective charges, both of the Bi 3+ and the Ti 4+ cations.
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Controlling the properties of complex transition metal oxides by epitaxial strain, i.e., by growing thin films of a certain material on a substrate with specific lattice mismatch, has emerged as a very efficient way for designing optimized functionalities. 1 In particular, the effect of epitaxial strain on the ferroelectric properties of perovskite materials is well studied, 2 and dramatic enhancements of polarization and ferroelectric ordering temperatures, 3 as well as emergence of ferroelectricity in otherwise nonpolar materials have been reported.
4,5
Recently, layered perovskite-related systems have come into focus as being potentially more amenable to developing polar lattice distortions compared to bulk perovskites. 6 Examples include artificial perovskite superlattices and double perovskites, as well as several families of naturally-layered perovskite-derived crystal structures such as the Ruddlesden-Popper series, Aurivillius-phases, or Dion-Jacobson systems. Only few studies addressing the strain response of these naturally-layered materials are currently available. Such studies are, however, of great interest due to the different mechanism underlying the ferroelectricity in these systems, which could lead to a different strain response compared to bulk perovskite ferroelectrics.
Here we study the case of Bi 5 FeTi 3 O 15 (BFTO), 7, 8 a representative of the family of naturally-layered Aurivillius-phases, which is of particular interest due to its potential multiferroic properties. 9 The crystal structure of the Aurivillius-phases consists of m perovskite layers layers (see Fig. 1 ). 10,11 BFTO corresponds to the case with m = 4.
A previous first-principles study of polarization-strain coupling in the m = 3 Aurivillius compound Bi 4 Ti 3 O 12 has shown a large response of in-plane polarization under bi-axial strain. 13 Apart from the introduction of an additional perovskite layer and the presence of the nominally non- 14 and confirmed recently by density functional theory (DFT) calculations. 9 The cation distribution can in principle influence properties such as electric polarization or the likelihood and character of magnetic order, and it could also affect the strain response of the material. Furthermore, a systematic variation of the relaxed lattice constants with the distribution of Fe over the inner/outer perovskite layers has been found in Ref. 9 , suggesting that it might be possible to influence the cation distribution by epitaxial strain. Here, we verify this hypothesis and study the effect of strain on the cation distribution and on the resulting electric polarization of BFTO.
We use a unit cell that corresponds to the primitive unit cell of the experimentally-observed A2 1 am strucarXiv:1512.00362v3 [cond-mat.mtrl-sci] 1 Feb 2016 ture of BFTO, containing two formula units. There are 10 symmetry-inequivalent ways to distribute 2 Fe and 6 Ti atoms over the 8 available peroskite B sites within this unit cell. 9 We focus on two representative configurations depicted in Fig. 1 , one with all Fe sitting in the outer perovskite layers and one with all Fe sitting in the inner perovskite layers (denoted as O1 and I1 in Ref. 9 ). For both configurations, the specific distribution of Fe 3+ and Ti 4+ cations lowers the experimentally observed A2 1 am space group symmetry to monoclinic P 2 1 . Both configurations allow to define a centrosymmetric reference structure with P 2 1 /m symmetry for calculating the spontaneous electric polarization by removing all structural distortions that break inversion symmetry.
In order to model the elastic boundary conditions corresponding to the epitaxial constraint imposed by a substrate, we fix the two short in-plane lattice parameters, a and b, to be equal to an effective substrate lattice constant a , and the corresponding lattice vectors to form a 90
• angle. This corresponds to a thin-film/substrate interface forming a square lattice. Furthermore, for simplicity we constrain the out-of-plane lattice vector to correspond to a perfect base-centered orthorhombic Bravais lattice, in spite of the lower monoclinic symmetry of the whole structure. We find the optimal value of the out-ofplane lattice parameter c (in our notation corresponding to the conventional orthorhombic Bravais lattice) by relaxing all ionic positions for fixed a and different values of c. In the following, whenever comparison with experimental structural data is made, Ref. 8 is used, and we define 0% strain relative to the average experimental inplane lattice constant a 0 = (a exp + b exp )/2 = 5.45Å.
We perform DFT calculations using the projector augmented wave (PAW) method as implemented in the Vienna ab initio simulation package (VASP), 15, 16 and the generalized gradient approximation according to Perdew 2 ), and 6 for O (2s 2 2p 4 ). We include a Hubbard "+U " correction with U eff = 3.0 eV to correctly treat the strong interactions between the Fe d electrons.
18 Ionic positions are relaxed until the residual forces are smaller than 10 −3 eV/Å. Calculations are converged using a Γ-centered k-point mesh with 4 × 4 × 2 divisions along the three reciprocal lattice vectors and a plane wave cutoff energy of 550 eV. As shown previously, 9 all magnetic couplings in BFTO are antiferromagnetic, hence we fix antiparallel orientation of the magnetic moments of the two Fe 3+ cations within the unit cell. Fig. 2 shows the optimized out-of-plane lattice parameter c as well as the energy of both inner and outer configurations for a range of in-plane lattice parameters a . The minimum of the energy for each configuration indicates the preferred in-plane lattice parameter for that configuration. Thus, it can be seen that the inner configuration prefers a larger in-plane lattice constant a than the outer configuration and a shorter out-of-plane lat- tice parameter c, in agreement with the bulk relaxations presented in Ref. 9 . We note that the position of the energy minimum for the inner configuration, i.e., the corresponding preferred in-plane lattice parameter, agrees very well with the averaged experimental in-plane lattice constant, which serves as our zero strain reference. For a given in-plane lattice parameter, the outer configuration always leads to a larger out-of-plane lattice parameter than the inner configuration. This is due to the strong local tetragonality around the Fe 3+ cation occupying an outer site.
9 Furthermore, it can be seen that the energy minimum for the inner configuration is lower than the energy minimum for the outer configuration, consistent with the inner site preference of Fe 3+ found in Ref. 9 . The inner site preference is increased if a is increased (see Fig. 2, inset) . Thus, tensile strain is expected to strengthen the inner site preference. On the other hand, if compressive strain is applied, i.e., for decreasing a , the energy difference between inner and outer configuration decreases, and for values below a = 5.40Å, corresponding to about −1 % strain, the outer configuration has a lower energy than the inner configuration.
These results imply that the site preference of the Fe
3+
cation can indeed be tuned through epitaxial strain. Tensile strain enforces the preference for the inner sites, while compressive strain can reverse this preference such that the majority of Fe 3+ cations occupy outer sites. We note that these results are obtained by considering only two, albeit representative, configurations, and that a more complete treatment would require to consider more configurations. However, the obtained trend is consistent with the observation from Ref. 9 (and Fig. 2 ) that outer configurations generally favor a more elongated unit cell (along c) compared to inner ones.
Next, we address the effect of strain on the electric polarization. We calculate the spontaneous polarization P α along a given direction α using Born Effective Charges (BECs), 19 Z * κ,αβ , as follows
where κ indicates the different ions and u κ,β is the displacement of ion κ along direction β between the paraelectric reference and the relaxed ferroelectric structure. The BEC tensors are calculated for the polar structures obtained at each strain value using density functional perturbation theory as implemented in VASP.
The calculated polarization as function of strain is depicted in Fig. 3 . By symmetry, the polarization is restricted to be aligned along the in-plane two-fold screw axis (b axis in standard P 2 setting, equivalent to the a axis in the experimental A2 1 am structure). At the optimal in-plane lattice constants of each configuration, we find a spontaneous polarization of P = 48.3 µC/cm 2 for the outer configuration, and P = 52.7 µC/cm 2 for the inner configuration. These results are consistent with the corresponding bulk values from Ref. 9 (P = 51.5/57.9 µC/cm 2 for the outer/inner configuration), calculated using the Berry phase method. 20 Note that we are using the BECs calculated for the polar structures to evaluate the spontaneous polarization. Since the BECs decrease when going from the paraelectric to the ferromagnetic structure (see Table I ), this leads to a small underestimation of the spontaneous polarization compared to the exact calculation of P using the Berry phase.
We observe that in-plane tensile strain leads to a strong increase in polarization and, conversely, compressive strain leads to a strong decrease. The polarization varies by about ±30 % over the whole strain region considered here, i.e., from −4% to +3% strain. This trend is similar to many perovskite ferroelectrics, where an elongation (compression) along the polar axis increases (decreases) the ferroelectric displacements of the ions, and thus the polarization, along that direction.
21-23 Similar behavior has also been found in previous DFT studies of the Aurivillius phases Bi 4 Ti 3 O 12 (m = 3) 13 and SrBi 2 Ta 2 O 9 (m = 2).
24
Furthermore, we can see that for a given in-plane lattice parameter, the calculated polarization is very similar for both configurations, in spite of the differences in the out-of-plane lattice parameter c (see Fig. 2 ). This indicates that the impact of the Fe/Ti distribution on the electric polarization is minimal. The difference in spontaneous polarization obtained for the relaxed inner and outer structures stems mostly from their different in-plane lattice constants (a = 5.45Å and a = 5.40Å, respectively). We can conclude that neither does the presence of the magnetic Fe 3+ cations have a negative impact on the overall magnitude of the electric polarization (compared to, e.g., Bi 4 Ti 3 O 12 ), nor does the specific distribution of magnetic cations have a significant effect on this magnitude.
In order to obtain more detailed insights into the ferroelectricity of BFTO, the BECs for the different cations, calculated for the fully relaxed (i.e., without epitaxial constraint) centrosymmetric and ferroelectric states in both configurations, averaged over similar (but not necessarily symmetry-equivalent) sites, are presented in Table I. It can be seen that the BECs for both Bi 3+ and Ti
4+
(and to some extent also for Fe 3+ ) are highly anomalous, i.e., they are significantly increased compared to their formal valences. This indicates that displacements of the corresponding cations result in large redistribution of charge and corresponding changes in chemical bonding, 19, 25 and is usually considered a signature for ferroelectrically-active ions. 26, 27 The most pronounced difference between the two configurations are the BECs of the B(o) sites in the outer configuration, which are noticeably less anomalous than those of the B(i) sites (and than those of the B(o) sites in the inner configuration). Overall, the BECs for BFTO are quite similar to the BECs calculated for the related m = 3 Aurivillius phase Bi 4 Ti 3 O 12 13 and for the related perovskite system (i.e., m = ∞) BiFeO 3 .
28
The in-plane BECs of Bi 3+ in the perovskite layer are somewhat more anomalous than those in the Bi 2 O 2 layer and also show a more pronounced reduction when going from the centrosymmetric to the polar structure. This is consistent with the analysis of Withers et al., 29 who suggested the optimization of bond valence sums of the Bi 3+ (perov.) cations as driving force for the polar displacements in various Aurivillius systems with m = 1, 2, and 3. However, a strong reduction of the anomalous in-plane BECs between the centrosymmetric and polar structures can also be observed for the Ti 4+ (i) sites, which suggests an active role of the inner B site cations for Aurivillius phases with m > 3. Furthermore, as first pointed out by Perez-Mato et al., 30 the space group symmetry of the Aurivillius phases allows for coupling between the ferroelectric distortion and two or more octahedral rotation modes, which can give rise to so-called hybrid improper ferroelectricity. 31 Indeed, a relation between the average tolarance factor of the perovskite blocks, controlling octahedral rotations, and the ferroelectric transition temperature has been empirically found by investigating a large number of Aurivillius systems.
32 It thus appears that ferroelectricity in the Aurivillius phases can arise from several factors, which cooperate to give rise to the robust ferroelectric properties observed in this class of compounds.
To summarize, our calculations indicate that it is indeed possible to control the site preference of the Fe 3+ cations in BFTO by epitaxial strain. Tensile epitaxial strain is expected to increase the occupation of the inner sites with Fe 3+ , whereas compressive strain will lead to a preferential Fe 3+ occupation of outer sites. In addition, epitaxial strain also provides an efficient way to enhance (or reduce) the magnitude of the spontaneous electric polarization, which, furthermore, is rather insensitive to the actual B-site cation distribution.
We point out that the possibility to tailor site preference in BFTO also allows to achieve an essentially homogeneous distribution of Fe 3+ cations, i.e., no site preference, under moderate compressive strain. This case could indeed be most favorable for achieving good percolation of magnetic couplings between the Fe 3+ ions and thus promoting long range magnetic order. Therefore, controlling the cation distribution through epitaxial strain can provide a way of controlling the multiferroic properties of BFTO and related Aurivillius systems.
